In stark contrast to the rapid morphological radiation of eumetazoans during the Cambrian explosion, the simple body plan of sponges (Phylum Porifera) emerged from the Cambrian relatively unchanged. Although the genetic and developmental underpinnings of these disparate evolutionary outcomes are unknown, comparisons between modern sponges and eumetazoans promise to reveal the extent to which critical genetic factors were present in their common ancestors. Two particularly interesting classes of genes in this respect are those involved in cell signaling and adhesion. These genes help guide development and morphogenesis in modern eumetazoans, but the timing and sequence of their origins is unknown. Here, we demonstrate that the sponge Oscarella carmela, one of the earliest branching animals, expresses core components of the Wnt, transforming growth factor ␤, receptor tyrosine kinase, Notch, Hedgehog, and Jak͞Stat signaling pathways. Furthermore, we identify sponge homologs of nearly every major eumetazoan cell-adhesion gene family, including those that encode cell-surface receptors, cytoplasmic linkers, and extracellular-matrix proteins. From these data, we infer that key signaling and adhesion genes were in place early in animal evolution, before the divergence of sponge and eumetazoan lineages.
T
he fossil record from Ϸ540 Mya documents the abrupt appearance of fully diversified eumetazoan body plans during the ''Cambrian explosion.'' In contrast, fossil evidence of sponges dates to Ϸ580 Mya and reveals that their simple body plan predates the Cambrian and has since remained relatively unchanged (1, 2) . Although extrinsic environmental factors have received much attention as the driving force behind the Cambrian explosion (3), the disparate outcomes in lineages leading to modern sponges and eumetazoans point to intrinsic genetic differences. Intrinsic factors that potentially contributed to the selective morphological diversification of eumetazoans include the evolution of developmentally important gene families, signaling pathways, or regulatory elements and linkages in their ancestors. A key to illuminating how intrinsic factors contributed to the Cambrian explosion will be to reconstruct the evolutionary sequence of origination, elaboration, and assembly of developmentally important gene families into interacting pathways and networks.
Modern sponges promise to offer critical insights into the earliest events in animal genome evolution. The fossil record of sponges predates that of all other animal groups (2) , and phylogenetic analyses support sponges as an outgroup of all eumetazoan phyla (4) . Indeed, recent studies indicate that sponges are paraphyletic (5) (6) (7) (8) (9) and that eumetazoans evolved from a sponge-like ancestor (9) . Among the major sponge groups, the homoscleromorphs (Fig. 1b) have particular relevance to the study of eumetazoan origins and evolution. Although of uncertain phylogenetic position (10, 11) , homoscleromorphs are thought to be unique among sponges in their possession of eumetazoan-like ultrastructural features, including an epithelium characterized by closely apposed cells with an underlying basement membrane ( Fig. 1 c and d ) and regularly distributed cell-cell junctions (12, 13) . The phylogenetic position of sponges and the cell biology of homoscleromorph sponges suggest that homoscleromorphs may provide an unprecedented window into the ancestry of genes important for eumetazoan development and evolution.
Two crucial classes of genes in this respect are the signaling and adhesion genes that interact to coordinate complex morphogenetic events in eumetazoans as diverse as flies, worms, and humans (14) (15) (16) . Cell-signaling pathways allow cells to receive, relay, and interpret messages from the extracellular environment and are involved in developmental cell-fate specification and patterning (15) . Classically, seven major signaling pathways have been identified as unique to, and ubiquitous among, eumetazoans (15): Wnt, transforming growth factor ␤ (TGF␤), Hedgehog, receptor tyrosine kinase (RTK), Jak͞STAT, Notch, and nuclear hormone receptor. Core elements from each of these pathways are present in eumetazoans ranging from cnidarians to vertebrates (17) , where they have both retained their presumed ancestral roles, such as in axial patterning, and been coopted to guide the development of derived features, such as wings and eyes. With the exception of several RTKs (18-23) and a Frizzled receptor (part of the Wnt pathway) (24), it is not known whether the core components of any of the remaining pathways exist in sponges. Because cell signaling sits at the top of key developmental regulatory networks (15, 25) , one prediction is that morphological novelties during the diversification of eumetazoan body plans stemmed, in part, from evolutionary changes in signaling pathways.
A second class of genes relevant to the search for intrinsic factors underlying the diversification of eumetazoan body plans are the cell-adhesion genes, which are often downstream targets of signaling cascades. By helping to regulate the sorting and migration of different cell populations, cell-adhesion genes act to effect pivotal morphogenetic changes during eumetazoan development (14, 16) . Cell-adhesion proteins also play critical roles in eumetazoan epithelia to establish and maintain the transport and occluding functions hypothesized to be prerequisites of animal body-plan diversification (26) . The functional properties of epithelia laid the foundation for the evolution of differentiated body compartments with unique physiological properties (26) and, therefore, were likely to have served as an important template for morphological evolution during the Cambrian radiation. Despite intensive study of cell adhesion in sponges, few sponge homologs of eumetazoan cell-adhesion gene families have been identified. Instead, models of cell adhesion in sponges largely emphasize the interactions between carbohydrate moi-eties of large extracellular proteoglycans (termed aggregation factors) that are hypothesized to bind to each other and to cell surface receptors that may interact with integrins (27, 28) .
To identify cell-signaling and adhesion genes that evolved before the divergence of sponges and eumetazoans, we collected and annotated 11,520 ESTs from the homoscleromorph sponge Oscarella carmela (phylum Porifera; Fig. 1 ). Despite the morphological simplicity of sponges, we find that six of the seven major eumetazoan signaling pathways have homologs in O. carmela. Furthermore, O. carmela expresses an unexpected diversity of eumetazoan cell-adhesion gene homologs, representing most of the major eumetazoan cell-adhesion gene families. Our findings indicate that developmentally important signaling and adhesion gene families evolved before the divergence of sponge and eumetazoan lineages and were, therefore, in place in all animal lineages at the onset of the Cambrian explosion.
Results and Discussion
Diversity of Cell-Signaling Gene Homologs in O. carmela. To characterize the diversity of cell-signaling gene homologs available before the diversification of eumetazoan body plans, we collected 11,520 ESTs from embryonic, larval, and adult tissue of the sponge O. carmela. The ESTs were generated by 5Ј-and 3Ј-end sequencing of randomly selected clones from a directionally cloned cDNA library and were evaluated through two sequential rounds of annotation. By using contiguous sequences (contigs) built from overlapping ESTs, a phylogeny-based annotation system called Metazome, coupled with comparisons to the National Center for Biotechnology Information (NCBI) nonredundant (nr) and the Gene Ontology (GO) databases, was used to identify sponge sequences with high similarity to components of eumetazoan signaling pathways. These sequences were then manually inspected to confirm proper contig assembly and then were reannotated. Predicted sequence homology was based on annotations from the three independent databases.
We find that O. carmela expresses an unexpected diversity of signaling genes, including homologs of core genes in six of the seven key bilaterian signaling pathways (15): Wnt, TGF-␤, Hedgehog, receptor tyrosine kinase, Jak͞STAT, and Notch signaling pathways (Table 1) . Although we do not find evidence of nuclear hormone receptors (NHRs) (the one remaining eumetazoan signaling pathway), we do not conclude from our EST survey that NHRs are absent from sponge genomes. To explore the evolutionary patterns of gain and loss of the signaling genes discovered in O. carmela, we charted their distribution in diverse animals, fungi, and the amoebozoan Dictyostelium discoideum. Because our analysis is restricted to organisms from which complete genome sequences are available, both presence and absence data shown in Table 1 are meaningful. Notably, pathway components that have been previously characterized only in eumetazoans [e.g., Wnt, Dickkopf, Patched, Notch, Delta, Mothers against decapentaplegic (Mad), and Janus kinase (Jak)] are now known from sponges, thus extending the history of these important genes back to some of the earliest animal ancestors. An unexpected outcome from comparative genetic studies of early branching animals is that they sometimes have homologs of genes previously thought to be derived within bilaterian clades. This was true of the discovery of Dickkopf in Cnidarians (29) (and now in sponges) and is true of the Wnt pathway component Dixdc, now known from deuterostomes and O. carmela.
The diversity of signaling-pathway elements present in O. carmela reveals that major animal signal-transduction mechanisms evolved before they were adopted for their sophisticated eumetazoan functions. Examples of how signaling pathways are deployed during the development of bilaterians include the roles of Wnt and Hedgehog pathways in neural circuit assembly (30) and limb development (31) and the role of Notch signaling in Drosophila eye development and vertebrate segmentation (32) . Given that sponges lack neurons, limbs, eyes, and segments, the question emerges: Why are so many components of these and other signaling pathways conserved in O. carmela? One possible explanation is that early animals evolved intricate developmental programs long before they evolved diverse developmental outcomes. This hypothesis stems from the observation that sponge embryos undergo coordinated and predictable cell rearrangements that resemble gastrulation and result in larvae with clear anterior͞posterior axes (33, 34) . Furthermore, this hypothesis is consistent with the prediction, derived from studies of Wnt expression in the cnidarian Nematostella vectensis, that Wnt functioned in axial patterning and gastrulation in the last common ancestors of eumetazoa (35) . Indeed, the recent discovery that homologs of eumetazoan transcription factors are developmentally deployed in the sponge Reniera sp. provides independent evidence that the last common metazoan ancestor exhibited eumetazoan-like developmental patterning (36) .
Diversity of Cell-Adhesion Gene Homologs in O. carmela. From our EST survey, we find that O. carmela has a nearly full complement (37) of gene families that, in eumetazoans, function as celladhesion receptors, extracellular matrix (ECM)͞basement membrane components, and cytoskeletal-linker proteins (Table 2) . Notably, O. carmela has a homolog of Fras1, an ECM component otherwise known only from deuterostomes. The observation that sponges express diverse eumetazoan cell-adhesion genes suggests that current models of sponge cell adhesion, which em- phasize the role of proteoglycan aggregation factors in speciesspecific reaggregation of dissociated cells (e.g., refs. 38 and 39), are incomplete. Indeed, sponges entered the historic period of morphological radiation equipped with the adhesion machinery used by eumetazoans to selectively sort differentiated cell populations and to form epithelial barriers between differentiating body compartments.
The observation that ancestral sponges and eumetazoans had an approximately equivalent arsenal of cell-adhesion genes necessary for morphogenetic cell sorting and epithelium formation presents an enigma: Why did eumetazoans diversify while the sponge form remained static? One possible explanation for the disparate patterns of morphological evolution between sponges and eumetazoans is that preexisting gene families developed new interactions that conferred new functions to the ancestors of eumetazoans. The phylogenetic patterns of interactions between cell-adhesion receptors and their cytoskeletal linker proteins offer an example of how the evolutionary sequence of molecular interactions can be reconstructed. Integrins are linked to the actin cytoskeleton by their interactions with talin, vinculin, ␣-actinin, filamin, and paxillin, all of which are present in O. carmela. In contrast, classical cadherins are linked to the actin cytoskeleton through interactions with ␤-catenin, which also features prominently in Wnt signaling (37). Although we find evidence of ␤-catenin and other Wnt pathway components in O. carmela, classical cadherins have not been discovered outside of Bilateria (40) . However, because ␤-catenin localizes to adhesive structures in the amoebozoan D. discoideum (41) , it is likely to have had ancestral adhesive roles that were decoupled from both cadherin-mediated adhesion and Wnt signaling. From the available evidence, we hypothesize that ␤-catenin had an ancestral role in adhesion, but its role in Wnt signaling may predate its role in cadherin-mediated adhesion.
From the combined efforts of paleontology, systematics, genomics, and ''evo-devo,'' a model of early animal evolution is emerging. Current evidence suggests that most major animal lineages (including bilaterians) (7, (42) (43) (44) extend into the pre-Cambrian where they arose from a sponge-like ancestor (9) . In response to environmental and ecological changes during the Cambrian, the ancestors of modern eumetazoans underwent rampant morphological radiations, whereas independent ancestral lineages of sponges did not. We now know that the ancestors of both homoscleromorph sponges Cell-contact and -adhesion proteins Contactin and eumetazoans had roughly comparable sets of developmentally important genes. Specifically, O. carmela expresses many homologs of genes known from the major eumetazoan signaling pathways and cell-adhesion and transcription factor (36) gene families. What remains unclear is how these genes function in sponges, how they functioned in eumetazoan ancestors, and whether they were coopted to new functions or linkages in the lineage leading to modern eumetazoans. Further studies of expressed genes and protein function in O. carmela may provide insights into the intrinsic factors underlying key events in the early evolution of animal phyla.
Materials and Methods
RNA Isolation and mRNA Extraction. An individual specimen of O. carmela bearing densely brooded embryos and larvae of all stages was removed from the glass surface of an open-seawater aquarium at the Joseph M. Long Marine Laboratory, University of California (Santa Cruz). Tissue was transported live in seawater to the University of California (Berkeley), where it was washed in sterile seawater, examined microscopically for the presence of contaminating organisms, and frozen in liquid nitrogen. Frozen tissue was immediately homogenized by using an RNase-free mortar and pestle, and total RNA was extracted by using Trizol reagent according to the manufacturer's instructions. The total RNA recovered was quantitated by using a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE) and analyzed on a formaldehyde-agarose gel to confirm that it was intact. mRNA was isolated from Ϸ1 mg of total RNA by using the Oligotex mRNA Mini kit (Qiagen, Valencia, CA) spin column protocol and was quantified by using a NanoDrop spectrophotometer.
cDNA Library Construction. Five micrograms of mRNA was used to create a directionally cloned cDNA library in the vector pSport1 by using the Superscript Plasmid system with Gateway Technology and ElectroMAX DH10B-competent cells (Invitrogen, Carlsbad, CA). mRNA was radiolabeled with 1 Ci (1 Ci ϭ 37 GBq) [a- 32 P]dCTP and size-fractionated according to the manufacturer's specifications. All precipitation steps were omitted, and we instead used Microcon YM-100 columns (Millipore, Billerica, MA) to wash and concentrate products. This method obviated the need to precipitate nucleic acids by using a nucleic acid carrier and aided efficient product recovery. The resulting cDNA library was analyzed for its quality by PCR screening and sequencing Ͼ100 clones. The mean insert size was found to be Ϸ1,250 bp.
EST Sequencing and Editing. Primary library aliquots were sent to the Broad Institute (Cambridge, MA), where 5,760 colonies were picked and sequenced with M13 primers from both directions. Raw sequences were trimmed for quality and vector content by using the DNA contig management software program, Sequencher v.4.5 (Gene Codes, Ann Arbor, MI). The original EST data are available online at http:͞͞cigbrowser. berkeley.edu͞cgi-bin͞oscarella͞nph-blast.pl.
EST Annotation. By using a combination of automated and manual techniques, EST sequences were clustered, assembled into contigs, and annotated. Individual reads were originally clustered by using stringent criteria (e.g., 90% similarity) in Sequencher. The Metazome (www.metazome.com), NCBI nr, and GO (www.geneontology.org) databases were used to give a preliminary annotation of the O. carmela EST clusters. For the Metazome analysis, the EST sequences were compared for their homology to the jawed vertebrate centroid (consensus) sequences by using an expected (E)-value cutoff of 0.001. For each O. carmela-Metazome BLAST hit, the largest summed score of nonoverlapping high-scoring segment pairs (HSPs) was found. The top fifteen such hits from each O. carmela EST were then examined manually. Similar analyses were done by using the NCBI nr and GO databases in place of Metazome. Contigs with high similarity to elements of major signaling and adhesion gene families were identified, and their original, unedited chromatograms were subjected to a second round of editing, clustering, and annotation in which contigs were manually checked for their validity, and artificially clustered contigs were ''dissolved.'' The consensus sequences resulting from the second round of annotation were again analyzed for their homology to sequences in the Metazome, NCBI nr, and GO databases. Furthermore, the sequences excluded in the first round of annotation were reexamined to confirm that all relevant contigs were extracted. All unique contigs of potential interest were pooled and assigned candidate homologies based on the consensus between the highest-scoring hits by using all three annotation tools. The E-values listed in the supporting information, which is published on the PNAS web site, represent the most significant E-values obtained by blasting against the NCBI nr or GO databases (scores range from e-05 to e-161).
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